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ABSTRACT. The HIV-1 envelope glycoprotein (Env) undergoes conformational changes while driving entry.
We hypothesized that some of the intermediate Env conformations could be represented in tethered
constructs where gp120 and the ectodomain of gp41 are joined by flexible linkers. Tethered Envs with
long linkers (gp140-14 with 15 aa and gp140-24 with 26 aa) were stable and recognized by conformationally
dependent anti-gp120 and anti-gp41 monoclonal antibodies (mAbs). Surprisingly, these proteins potently
inhibited membrane fusion mediated by R5, X4, and R5X4 Envs with@-fold lower IGo than a
tethered Env with short linker (gp140-4 with 4 aa), gp120, gp140, soluble CD4, or DP178 (T20). Compared
to gp140, gp140-14,24 exhibited increased binding to anti-gp41 cluster Il mAbs but not to cluster | mAbs.
Cluster Il mAbs but not cluster I, IV, or V mAbs reversed the inhibitory effect of gp140-14,24 suggesting

a role of exposed conserved gp41 structures for the mechanism of inhibition. These findings suggest the
existence of conserved gp41l structures that are important for HIV-1 entry and can be stably exposed in
the native environment of the Env even in the absence of receptor-mediated activation. Thus, tethered
Envs with long linkers may not only be important as HIV-1 inhibitors but also for elucidation of viral
entry mechanisms and development of novel vaccine immunogens.

Binding of the HIV-1 envelope glycoprotein (Env, gp220  enhanced exposure of hidden structures have been also
gp41) complex with CD4 to coreceptor molecules initiates proposed as removal of carbohydratels3 (14), stable
a series of conformational changes that are the heart of theexposure of the coreceptor binding site on gp120 in CD4-
fusion machinery driving viral entryl(-3). The elucidation independent Env4 ), deletion of gp120 variable loop&6G—
of the nature of the Env conformational changes is critical 18), and constructs containing gp41 sequend®s-1). It
for understanding the mechanism of HIV-1 entry, and also appears that a vaccine based on the gp41 molecule has the
may provide new tools for development of inhibitors and drawback that neutralizing epitopes of gp41 are rare and/or
vaccines 4—6). Complexes of gp120 with CD4 have been unfavorably presented to the immune syst@1).(Another
used as immunogens and elicited neutralizing antibodiesmajor problem in development of vaccines based on the
against conformational epitopes induced by CDO410). HIV-1 Env is the instability of the gp120gp41 complex
After the discovery of the HIV-1 coreceptors, it has been which tends to dissociate to gp41 molecules that likely
proposed that coreceptors can induce intermediate Envrepresent postfusion conformatiorl). Initial attempts to
conformations critical for viral fusion that may include stabilize the Env complex involved the mutation of the
structures conserved among various HIV-1 isolates and begp120-gp41 cleavage recognition sequen2g24). Usu-
used as vaccined {, 12). Unlike the CD4 induced confor-  ally in such proteins, gp41 is truncated to its ectodomain so
mational changes, which mostly affect gp120, the coreceptorthey are secreted as soluble uncleaved Envs (gpit0
binding to gp120 not only affects gp120 but also would These proteins are stable and can induce cross-reactive
presumably trigger exposure of gp4l intermediates that antibodies 25—27). However, they may not resemble the
ultimately cause membrane fusion. Other approaches fornative intermediate Env structures involved in the HIV-1
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Here we describe a novel approach for design of recom- protocol. Supernatant from transiently transfected cells was
binant Envs that not only ensures the stabilization of the collected 48 h after transfection and analyzed for protein
gpl120-gp41 complex but also provides a tool for elucidation expression by anti-gp120 and anti-gp41 Abs by Western
of the nature of intermediate Env structures that may have blotting. We also developed stable transfectants that had been
potential as vaccine immunogens and entry inhibitors. We adapted for growth in 293-serum free medium (Gibcol-BRL,
hypothesized that some of the transient Env conformations Gaithersburg, MD) and constitutively express the fusion
on the pathway to viral fusion can be exhibited and retained proteins. The proteins were further purified by using lentil
in fusion proteins of gp120 and gp41 ectodomains joined lectin Sepharose 4B affinity chromatography (Amersham-
by flexible linkers. The flexible linkers of varying length  Pharmacia Biotech). Bound protein was eluted from the lectin
not only would prevent the dissociation of the noncovalently column ty 1 M methyl-a-p-mannopyranoside. The eluted
bound gpl120 and gp4l1 but also would impose structural protein was then dialyzed against PBS and concentrated by
constraints on the receptor-induced Env conformational Millipore concentrator. The protein concentrations were
changes thus “freezing” them at different intermediates in determined by BCA assay (Pierce, CA) according to
dependence on the length of the linker. We found that gp120-manufacturer’'s protocol. For accurate quantification of the
linker-gp41 proteins (tethered Envs; gp140s) can be stablyfusion proteins, they were run on a 10% SBEFAGE gel
expressed and exhibit potent inhibitory activity of fusion and simultaneously with calibrating amounts (1, 3, 10, 30, 100
entry mediated by Envs from a variety of HIV-1 isolates. ng) of highly purified gp140 and were electrophoretically
The inhibitory mechanism involves exposed conserved gp41ltransferred to nitrocellulose membranes. The membranes
structures capable of interfering with the entry process.  were blocked with 20 mM tris-HCI (pH 7.6) buffer contain-

ing 140 mM NacCl, 0.1% Tween-20, and 5% nonfat powdered
MATERIALS AND METHODS milk. For Western blotting, these membranes were incubated

Cells, Viruses, Plasmids, Soluble CD4, gp120, gpl140 with anti-gp120 antibodies, then washed and incubated with
Antibodies and PeptidesST3 cells expressing CD4 and horseradish peroxidase (HRP)-conjugated secondary anti-
CCR5 were gift from D. Littman (New York University, NY,  bodies. They were developed by using the supersignal
NY). Cf2Th cells expressing high amounts of CCR5 were chemiluminescent substrate from Pierce (Rockford, Il). The
gift from J. Sodroski (Dana Farber Institute, Boston, MA); images were acquired using a BioRad phosphoimager
the parental cells was purchased from ATCC and used as(BioRad, Hercules, CA). The signal from the calibrating
negative control. The stable cell line TF228 expressing LAl molecules was integrated for each band and plotted in a
Env was a gift from Z. Jonak (SmithKline Beechman calibration curve for the signal vs amount dependence. The
Pharmaceuticals, Philadelphia, PA) through R. Blumenthal amounts of fusion proteins were then calculated by interpola-
(NCI—Frederick, Frederick, MD). Recombinant vaccinia tion using the calibration curve.
viruses used for the reporter gene fusion assay were described Size Exclusion Chromatographfhe fusion proteins were
previously @1). Plasmids expressing various Envs were analyzed under nondenaturing conditions by gel filtra-
obtained through the NIH AIDS Research and Reference tion chromatography on a preparative superdex200 column
Reagent Program or were gifts from R. Doms (University (Amersham-Pharmacia Biotech). The column was equili-
of Pennsylvania, Philadelphia, PA) and G. Quinnan (Uni- brated with PBS, calibrated, and then standardized using high
formed Services University, Bethesda, MD). The expression molecular weight gel filtration kit (Amersham-Pharmacia
vector, pEF1/His was purchased from Invitrogen. Two- Biotech) with protein standards ranging from 158 to 669 kDa.
domain soluble CD4 (sCD4) was a gift from E. Berger A standard curve of elution volume versus molecular weight
(NIAID, Bethesda, MD). Purified gp1239s and gpl4eye was then generated. Regression analyses based on the curve
were produced by recombinant vaccinia virus (gift of R. was then used to estimate the molecular weights of tested
Doms (University of Pennsylvania, Philadelphia, PA)) with proteins run on the column. Samples of the fusion proteins
a combination of lentil lectin affinity chromatography and were applied to the column in 1 mL of PBS. The column
size exclusion chromatography. The anti-CD4 polyclonal was run at a constant flow rate of approximately 1.1 mL/
antibody T4-4 was obtained through the AIDS Research andmin, and washed with PBS at identical flow rate; fractions
Reference Reagent Program from R. Sweet (SmithKline were collected in 120 mL. The fusion proteins were assigned
Beechman Pharmaceuticals, Philadelphia, PA). The anti-gp41by using the highest peak or shoulder in a chromatogram as
mAbs 50-69, 246-D, 98-6, 126-6, and 240-D were obtained the basis for making calculation and then analyzed by
through the NIH AIDS Research and Reference Reagentimmunoblot assay with anti-gp41 antibodies, and enzyme-
Program from S. Zolla-Pazner (New York University, NY, linked immunosorbent assay (ELISA).

NY) and Md-1 from R. Myers (State of Maryland, DHMH, ELISA Binding AssayThe assay used for binding of
Laboratories Administration, Baltimore, MD), the anti-CCR5 purified molecules was a modified ELISA type assay. The
mAb 5C7 was a gift from L. Wu (Millenium Pharmaceuti- test proteins, e.g., sCD4, were nonspecifically attached to
cals, Cambridge, MA). The anti-gp120 mAb D19, D25, T36 the bottom of 96-well plates by incubation of 0.1 mL solution
and M12, and the rabbit polyclonal antibody R2143 as well containing 100 ng of the protein at°€ overnight. Plates

as the anti-gp41 mAbs D17, D40, D47, D54, D61, T3, and were then treated with PBS containing 2% BSA and 0.5%
T30 were previously described (23;32). The gp41 peptides Tween-20 (PBSBSA—Tween) to prevent nonspecific bind-
DP178, DP107, and C34 were a gift from R. Blumenthal. ing. The plates were washed with TBS, test samples were

Production, Purification, and Quantification of gp120- diluted in PBS-BSA—Tween and incubated fd h atroom
linker-gp41 Fusion Proteindzusion proteins were expressed temperature. All antibodies were diluted in PBBSA—
from transiently transfected 293T cells by using Polyfect Tween and plates were washed five times with TBS between
(Qiagen Inc., Valencia, CA) according to manufacturer's each incubation step. Bound antigen was detected using a
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Ficure 1: Schematic representation (not in scale) of tethered HIV-1 gp140 fusion proteins (gp140-4,14,24) (A) and their expression detected
by Western blotting (B). (A) The postranslational cleavage site was mutated and linkers of 4 (GILI), 15 (GILQISSSGGAGGK), or 26
(GILQISGSGSGGSGQGSSGGAGGK) amino acid residues were introduced for the gp140-4, 14, or 24 constructs, respectively. For all
constructs, the transmembrane (TM) domain and the cytoplasmic tail of gp41 were truncated. The fusion peptide, and the DP107 and
DP178 sites in gp41 are also indicated) PB3T cells were transiently transfected with plasmids encoding tethered gp140-4,14,24. Supernatant

was collected after 48 h and subjected to SIPAGE electrophoresis. Recombinant gpg2nd gpl46y s produced by vaccinia virus
recombinants were used as controls. An anti-gp120 antibody (D19) was used for Western blotting.

pool of anti-gp41 Abs as described above followed by the by transfecting 293T cells with plasmids encoding the
appropriate labeled secondary antibody. The amount of luciferase virus backbone (pNL-Luc-ER) and Env from
bound fusion proteins was determined based on a standardarious HIV strains. The resulting supernatant was clarified

curve generated with purified 89.6 gpl40. Biotinylated

by centrifugation for 10 min at 2000 rpm in a Sorvall RT-7

proteins for use in this assay were prepared by incubationcentrifuge (RTH-750 rotor) and stored at°@. The virus

with 2 mM biotin (prepared from solid NHSLS—Biotin
(Pierce, CA) dissolved at 200 mM in DMSO as stock
solution) on wet ice for 1 h. The biotinylation was quenched
with 20 mM glycine on ice for 15 min.

Flow Cytometry Cell Surface Binding Ass&inding of

was preincubated with various concentrations of inhibitors
for 1 h at 37°C. Cells were then infected with 1Q0_ of
virus preparation containing DEAE-dextran £8/mL) for

4 h at 37°C. After five washes with PBS, fresh medium
(0.2 mL) was added to each well in a 96-well plate. Cells

the fusion proteins to cell surface associated proteins waswere lysed 44 h later by resuspension in 100f cell lysis
evaluated by using flow cytometry as previously described buffer (Promega, Madison, Wis.), and b0 of the resulting

(33). Cells (typically 0.5x 1f) were incubated fiol h on

lysate was assayed for luciferase activity, using an equal

ice with the fusion proteins and sCD4, then washed and volume of luciferase substrate (Promega).

incubated with gp120-, CD4-, or CCR5-specific antibodies
at 1 ug/mL. They were again washed, and incubated for
another hour on ice with rabbit IgG (k@/mL) (Sigma, St.
Louis, MO) to improve the specificity, then washed and in-
cubated fo 1 h with an anti-mouse phycoerythrin-conjugated
polyclonal antibody or anti-rabbit FITC-conjugated poly-
clonal antibody for gp120 and CD4 (Sigma). The cells were
washed and fixed with paraformaldehyde on ice for 10 min.
The flow cytometry measurements were performed with
FACSCalibur (Becton Dickinson, San Jose, CA).

Cell—Cell Fusion.The cell-cell fusion assay was previ-
ously described31). Briefly, recombinant vaccinia viruses
at multiplicity of infection 10 were used to infect the target
(vVCB21R) and effector cells (VTF 7.3). Thegal fusion
assay was perfornde2 h after mixing the cells. The extent
of fusion was quantitated colorimetrically. Inhibition of cell

RESULTS

Design, Production, and Purification of gp120-linker-gp41
Proteins (Tethered Er. To produce stable fusion proteins
between gpl120 and gp4l joined by flexible linkers we
mutated the proteolytic cleavage site (Figure 1A) of the
envelope glycoprotein (Env) derived from the primary R5X4
HIV-1 isolate 89.6 85). Three different fusion proteins
designated as gp140-4, gpl40-14, and gpl40-24 were
developed where gp120 and gp41l are joined by linkers of
4, 15, and 26 amino acid residues long, respectively. Stop
codons were introduced into tleew gene (GenBank acces-
sion numbers U39362, AAA81043), resulting in termination
of the proteins N-terminal to the transmembrane domain of
gp4l. Thus, the fusion proteins do not contain the trans-
membrane domain and cytoplasmic tail of gp41, and are

cell fusion was also quantitated by using a syncytium assay secreted in the medium of the expressing cells (Figure 1A).
where cells expressing Env were mixed with equal number Stable cell lines were developed by transfection of 293T cells
of cells expressing CD4 and coreceptor molecules, and thewith plasmids encoding the fusion proteins. The culture

number of syncytia was courdel h later.

HIV-1 Entry. Evaluation of HIV-1 entry inhibition was
performed by using infection with a luciferase reporter HIV-1
Env pseudotyping systen34). Viral stocks were prepared

supernatants were collected, and the fusion proteins were

purified by lentil lectin and size exclusion chromatography.
Characterization of the gpl140 Fusion Proteinghe

amount of the tethered proteins was quantified from Western
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Ficure 2: Size exclusion chromatography analysis of tethered

gpl140-14. Chromatography was carried out on a Superdex 200

column as described in the Materials and Methods. Fractions were

collected from the column and analyzed by ELISA using anti-gp41

antibodies and by Western blotting using anti-gp120 antibodies.

X 246-D + gp120
A 246-D + gp140

£ 246-D + gp140-24

=)
Table 1: Binding of gp140-14 Complexed with Two-Domain sCD4 < X 240-D + gp120
to Cell Surface Associated CCR5 2
k-]
antibody no gpl40-14+ gpl40+ 5 % 240-D + gp140
to ligand sCD4 gpl40-14 sCD4 sCD4 2 ©240-D + gp140-24
CCR5 11x1C¢ 13x1¢ 12x1¢ 1.1x1¢ 370
cb4 01 20 1 8 7 +50-69 + gp120
gpl20 O 0.02 1.3 20 5
a CF2Th-CCRS cells were incubated with gp140-14, SCD4, gp140- ©50-69 + gp140
14-sCD4, gp140-sCD4 atfg/mL (except sCD4 which was atudg/ 04 1 10 050.69 + gp140-24

mL) or without ligands at 4C for 1 h. After five washes, cell surface
binding was tested by anti-CC5 mAb (5C7), anti-CD4 polyclonal

antibody (T4-4), and an anti-gp140 polyclonal antibody (R2143) using Ficure 3: Enhanced exposure of gp41 structures in gp140-24 (lon
flow cytometry as described in Materials and Methods. The background ;. oy compared to gpf40 (no Iingk%r). Serial (2-fo|dg)pdilutions( of J
binding was measured by using the secondary antibody in the absencgy, o, o yinodies were applied to the proteins and the amount of bound
of the specific antibody and subtracted. The binding is represented S, ntibodies measured by an ELISA assay as described in Materials
the geometric mean of fluorescence intensity in arbitrary units. and Methods. The background was estimated by the amount of
antibody bound to BSA and subtracted; gp120 was used as negative

; ; ; ; control. The data were fitted (continuous lines) to the Langmuir
blots by using phosphoimager and calibrating curves from adsorption isothermB(Bnay — Ab/(Kg + Ab)), whereB is the

S,erial dilutions of purified Qpl”éa-ewnh I_(noyvn concentra- amount of bound AbBax is the maximal amount of bound Ab,
tions produced by recombinant vaccinia virus. The concen- Ap s its bulk concentration, andy is the equilibrium dissociation
tration in the culture supernatants was abowtgsmL, and constant. The data are normalized to the highest OD values for the
after purification it was increased to 0.7 mg/mL. The culture respective antibody assumed to be 1. (A) Enhanced binding of gp41

; i ~~cluster | mAb (98-6, 126-6, and Md-1)K4(gp140-24)K4(gp140)
supernatants from the transfectants producing the fusionZ 0.58, 0.69, 0.80, aNBmadgp140-24)Bma{gp140)= 1.43, 1.56,

proteins and purified proteins were tested by Western j 76 respectively. (B) Lack of enhanced binding for gp41 cluster
blotting. As expected, the molecular weight (MW) of the || mAb (50—69, 246-D, and 240-D)K4(gp140-24)K4(gp140)=
fusion proteins on SDSPAGE was close to 140 kDa (Figure  0.59, 0.75, 1.21, an®ma{gp140-24)Bma{gp140)= 0.91, 0.88,
1B). There was a minor lower MW band containing less than 123, respectively.
10% gpl20 probably due to the use of second inefficient
cleavage site (Figure 1B). Size exclusion chromatography @ntibodies to gp140-4,14,24 compared to uncleaved gp140
of the purified proteins revealed that they are predominantly (data not shown). These data suggest that the tethered
monomeric with a very low concentration of dimers and Proteins are likely to be antigenically similar to qncleaved
gp120 (Figure 2). The tethered proteins complexed with two- Envs except for some gp41 structures as described below.
domain soluble CD4 (sCD4) bound cell surface-associated Enhanced Exposure of gp41 Structur@s. evaluate the
CCRS similarly to uncleaved gp140 complexed with sCD4 extent of enhanced exposure of various gp41 epitopes in the
(Table 1). There was no binding of sCD4, gp140-14-sCD4, tethered proteins, we used a battery of anti-gp41 mAbs. We
or the anti-CCR5 mAb 5C7 to the parental cell line Cf2Th found that certain mAbs as 98-6, 126-6 (cluster II), and Md-1
(data not shown). These data suggest that the expressedound better to gp140-24 than to gpl40 (Figure 3A).
fusion proteins are able to interact with receptors involved Therefore, their epitopes that overlap or include the DP178
in HIV-1 entry. site are better exposed. However, other antibodies as 50-69,
The native conformation of the tethered proteins was also 246-D, and 240-D (cluster I) with epitopes overlapping the
tested by ELISA using conformationally dependent anti- region including the C-terminal part of DP107 and im-
gpl120 (M12, X5, and D25) and anti-gp41 (D54) mAbs. mediately downstream of the DP107 site did not exhibit
There were no significant differences in the binding of these enhanced binding (Figure 3B). We did not find enhanced

Ab concentration (ug/ml)
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A ogp140-14 concentration (IG) for the two tethered proteins with long
10000 ©gp140-24 linkers (gp140-14 and gp140-24) were on averagd @-
msCD4 fold lower than those for the tethered protein with short linker
soee OP178 (gp140-4), the truncated uncleaved Env without linker
é‘ s000 A (gp140), gp120, DP107, or DP178 (Figure 4). The inhibitory
= eC4 activity of C34 was comparable with gp140-14,24 but only
g 4000 +gp1404 for infection mediated by the JR-FL Env. For 89.6 and NL4-3
w X DP107 Envs the gp140-14,24 gwas 2-4-fold lower than that of
2000 +gp140 C34. Fusion between TF228 and SupT1 cells was also
potently inhibited (Table 2). The cell fusion d@was in the
YRy, : © to0 1000 10000 *gp-120 range from 0.3 to 3 nM. Cell fusion mediated by several
Inhibitor concentration (nM) X4, R5, and X4R4 Envs was similarly inhibited suggesting
independence of the inhibitory mechanism on the coreceptor
JR-EL ogp140-14 usage (Figure 5). Note that for the data on Figure 5, the
B 2000 ©gp140-24 gp140-14 concentration used is 10-fold lower than for
- msCDa gpl40-4 and gpl40, and that there is background due to
_ ADP178 nonspecifics-gal activity for cells expressing Envs which
2 s oCi bind to CD4 but do not proceed to fusion for lack of
g appropriate coreceptor. The inhibitory activity of the two long
@ 10000 +gpl404 linker fusion proteins, gp140-14 and gp140-24, was about
- X DP107 the same but with a trend to higher activity of gp140-24
000 +gp140 suggesting that the structures responsible for the inhibitory
. » - X gp-120 activity may be better exposed for longer linkers although
001 o f 1 100 1000 10000 the linker length effect was not statistically significant for
Inhibitor concentration (nM) linker lengths in the range from 15 to 26 amino acid residues.
NL4.3 Ogp140-14 Mephanism of the Specific Inhibitory Adgty of the_Fusion
C Proteins with Long Linkersin an attempt to elucidate the
ogpl140-24 mechanism of the enhanced inhibitory activity of gp140-
msCD4 14,24 compared to gpl40-4 we examined the role of the
§ ADP178 enhanced exposure o_f gp4l structures by inf:ut.)a.ting the
= tethered Envs with anti-gp41 mAbs that do not inhibit Env-
g oC34 mediated fusion. All mAbs that exhibited enhanced binding
Z *gp1404 to the tethered proteins gp140-14,24 reversed the tethered
«DP107 Env inhibitory effect to levels comparable to those exhibited
by gpl40 (Table 3). Antibodies that bound equally well
L - ‘_ B S — +gp140 gpl40-14,24 and gpl40 did not significantly affect the

inhibitory effect of the tethered Envs. These results suggest
that the exposed gp41l structures detectable by cluster I

. , > = mADbs are responsible for the potent inhibitory activity of
comparison with known inhibitors and controls. HIV-1 entry the tethered Envs. Finally, to further address the proposed
inhibition was quantified by using a luciferase reporter HIV-1 Env X e Y, 722 M prop
pseudotyping system as described in Materials and Methods. Themechanism of inhibition, we compared the inhibition by the
extent of lucipherase activity in the absence of inhibitor was the gp140-linker protein in the presence and absence of DP178
same as in the presence of any inhibitor at 0.1 nM and in the to DP178 alone, gp120 alone, and gp120 in the presence of

presence of DP107 at 1 nM. The data were fitted to the function ;
OD/ODuay = IM(ICsg" + I, where OD is optical density, QR DP178 all at a concentration of 10 nM. Here, there was an

Inhibitor concentration (nM)

FiGure 4: Inhibition of virus entry by gp140-14 and gp140-24 in

is its maximal value] is bulk concentration of the inhibiton is additive effect of gp120 and DP178 to a level of inhibition
constant, and 1§ is 50% inhibitory concentration. (A) Infection ~ Of cell—cell fusion to 65% compared to the control (no
of HOS CD4.CXCR4 cells by pseudotyped HI\gd 1Cso = 1.1, inhibitors added). Whereas, gp140-24 alone inhibited to a

L5, 27{. ar:d :zg)r;'vf' fotr_ gplfﬂgg'ggﬁ“g'cléfﬁﬂf’ and %p%ydfo-g, level of 84% and gp140-24- DP178 together yielded an
respectively. nfection o . cells by pseudotyped : ;..
HIV-1,r 1. ICso = 7.3, 7.4, 46. and 31 nM for gp140-24. gp140- inhibition level of 86% (data not shown).

14, DP178, and gpl40-4, respectively.) (fection of HOS
CD4.CXCR4 cells by pseudotyped HIMak-3. ICso = 2.4, 1.7, DISCUSSION

40, and 300 nM for gp14624, gp140-14, and gp140-4, respec- A major new finding of this work is that fusion proteins
tively. of gp120 and gp4l joined by flexible linkers equal to or
binding to gp140-14,24 of any anti-gp120 mAb (D19, D25, longer than 15 amino acid residues are potent broadly
T36, and M12) we tested. reactive HIV-1 entry inhibitors with 16 in the range from
Inhibition of HIV-1 En-Mediated Membrane Fusioio 0.3 to 3 nM in dependence on the experimental system used.
find whether the tethered gpl40s inhibit Env-mediated Because the 16 of the fusion protein with short (four amino
membrane fusion, we used a luciferase reporter Env pseudoacid residues) linker or without linker is about 100-fold
typing system for virus infection (Figure 4) fagal reporter higher than 1G, for gp140-14,24 it appears that the binding
gene and syncytia formation assays for cell fusion (Table to target cell-associated CD4 is not the primary mechanism
2). For infections of HOS.CD4.CXCR4(CCR5) cells medi- responsible for the high inhibitory activity. The specific
ated by 89.6, JR-FL, or NL4-3 Envs the 50% inhibitory reversion of the gp140-14,24 inhibitory effect by cluster Il
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Table 2: Inhibition of Cell Fusion by gp140-14 and gpl146-24

inhibitor sCD4 gpl140 gpl40-4 gpl40-24 gpl40-14 gpl40-14
concug/mL p-gal act. % p-gal act. % p-gal act. % p-gal act. % p-gal act. % Syncytia %
0.01 98+ 2 102+ 2 99+ 4 70+ 10 779 644 5°
0.1 95+ 4 98+ 3 100+ 2 24+ 1 39+1 29+ 16
1 67+ 1 100+ 2 98+ 1 15+1 22+ 4 11+6
10 25+ 2 77+5 76+ 7 8.2+ 0.5 14+1 74+21

a1 TF228 cells expressing LAl Env and 18upT1 cells were preincubated at different concentrations of the inhibitor for 1 h°a,3fen
mixed together in a 96-well plate and incubated Zoh at 37°C followed by measurement @Fgal activity or number of syncytia. The data are
presented as percentage of fusion in the absence of inhibitor assumed to be 100% as tiestaedard deviation of duplicated experimeat
concentration 0.0xg/mL.

Az, Table 3: Reversion of the gp140-14,24 Inhibitory Effect by Cluster
oG i Il mAbs and Md-1 but Not by Cluster I, IV, and VI mABs
1 Ngp14-14 reversion of
Agp140-4 inhibitory effect (%)
5 0.8 Hgp140 Ab recognition site gpl40-24 gpl40-14
el Md-1 aa 565-685 73 74
2 D61 Cluster | 4.9 ND
bt % 246-D cluster | aa 579604 16 18
0.4 | | 50-69 cluster | aa 579613 8.7 12
| 240-D cluster | aa 579604 0.6 3.7
02 1 N D17 cluster Il 56 ND
. D40 cluster Il 46 ND
% = 98-6 cluster |l aa 644663 72 61
0 o 126-6 cluster Il aa 644663 64 51
HXB2 896 NL43 JRFL  ADA BAL  SF162 T3 cluster IV 8.2 ND
T30 cluster VI 13 ND
B 1.2 aThe tethered proteins (Zg/mL) were mixed with the mAbs (10
W ug/mL) for 30 min at 37°C, the mixture was preincubated separately

with the effector (TF228) and target (SupT1) cells for another 30 min
after which they were mixed fo2 h at 37°C, and thes-gal activity
Ngp140-14 was measured as described in Materials and Methods. The percentage
of inhibitory effect reversion (%) was calculated by subtracting the
percentage of fusion inhibition in the presence of antibodies from the
percentage of fusion inhibition in the presence of tethered proteins and
normalizing to 100% (by dividing with the percentage of fusion
inhibition in the presence of tethered proteins and multiplying by 100).
ND — not determined.

L o)

0.8 -
7 gp140-4

Bgp140

Fusion {AU)
(=]
-]

=]
£
.

o
N

between mechanisms involving gp41 structures and the
% binding of gp120 to CDA4.
6 NL4-3 JRFL ADA  BAL  SF162 The high functional activity of the tethered Envs (gp140-

Ficure 5: Independence of cell fusion inhibition by gp140-14 on 1112b4t) prm??_ﬁf/nlew ?ppolglunltlis. fotrhd(_avelopmte][lt of ?ﬁtem
coreceptor usage. 293T cells transfected by plasmids encodingIn IDITOrS 0 j en_rya oqg |.n eir currentform ey_
various Envs and target cells were preincubated with gp140-14 atmay not be appropriate for in vivo use because of their
100 ng/mL, gp140-4 or gp140 atudg/mL, for 1 h at 37°C, then immunogenicity and binding to CD4. However, they can be
mixed together and incubated 2 h at 37°C. The extent of fusion  jsed as a basis for design of appropriate inhibitors for human

was determined by thg-gal assay as described in Materials and ; ; ; . ;
Methods. (A Target cells— SupT1 cells (which express CD4 and use including as microbicides. In another avenue of possible

CXCRA4).(B) Target cells— NIH 3T3 CD4.CCRS5 cells. applications, the tethered Envs could serve as po_tent immu-
nogens. The linker serves two purposes. First, it prevents
shedding of gp120 from gp41 so the protein will retain its

mAbs and Md-1 but not by cluster I, IV, and VI mAbs structure close to the native one. Second, because of the

strongly implicates a role for C-terminal gp41l structures relatively large size of the linker some regions of the
overlapping the DP178 sites. One can speculate that thesextracellular portion of gp41 could be exposed and reveal
gp41 structures could interact with intermediate structures conserved epitope. The conserved nature of these structures
of the Env mediating HIV-1 entry similarly to DP178. One s indicated by the high inhibitory effect of the tethered Envs
possible scenario of the tethered protein inhibitory activity on a variety of HIV-1 isolates. Thus, the tethered Envs could
includes prevention of the interactions between N-terminal be used as immunogens eliciting broadly cross-reactive
and C-terminal sequences of gp41 leading to formation of antibodies. Although those mAbs (cluster Il and Md-1) that
fusion intermediates4( 36). Another possibility is the  bind specifically to parts of these structures are not neutral-
existence of other structures yet to be identified. Yet, anotherizing or only weakly neutralizing one can envision that
possible mechanism is a dominant negative interference withregions of these structures in the native Env environment
the oligomeric structures and/or multimeric fusion com- could elicit neutralizing antibodies that have not been
plexes. One cannot also exclude possible synergistic effectsdentified yet. Immunizations of animals and screening of

B 7

HXB2 8
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phage display libraries are now in progress to further explore 14.

this possibility. We have recently established that these

tethered gp140 proteins can be recognized by several of the 15.

most potently and broadly neutralizing antibodies known,

including 2G12 and IgG-b12 and a novel human monoclonal g

Fab, X5 @7). Finally, these fusion proteins could prove

invaluable in dissecting the transient conformational changes 17.

of the Env on the pathway to fusion. These conformational
changes are rapid and difficult to analyze. It is of interest

that the linker proteins developed here present as monomeric =~

molecules, which is similar to the recently developed SOS

disulfide-linked cleaved gp140 by Moore and colleagues 19,

(28). The SOS gp140 is also proposed to be more closely
relevant to native Env structure and perhaps more flexible,
yet upon further analysis of this protein it has been shown
to be monomeric as well3@). It is perhaps the added
flexibility imposed by linkers or allowing gpl26gp4l
cleavage in a linked molecule that induces oligomer dis-
sociation. The novel approach of imposing constraints by
using flexible linkers of varying length can lead to stabiliza-
tion of the transient intermediate structures that would allow
their detailed investigation. Such an approach could be used
in any other system where rapid transient conformational
changes of proteins are difficult to study. Whether it will be
successful will depend on the particular system under
investigation.

ACKNOWLEDGMENT

We thank Nancy Miller for interesting discussions about
the possibility to use linkers for stabilization of the Env as
a candidate vaccine, and X. Xiao, and Y. Shu for help with
some of the experiments. We appreciate the help of A.
Biraguin for the 89.6 gp120 plasmid.

REFERENCES

1. Jones, P. L., Korte, T., and Blumenthal, R. (1998Biol.
Chem. 273404-409.

2. Dimitrov, D. S. (2000)Cell. 101, 697—-702.

3. Dimitrov, A. S., Xiao, X., Dimitrov, D. S., and Blumenthal,
R. (2001)J. Biol. Chem. 27630335-30341.

4. Chan, D. C., and Kim, P. S. (1998kll 93 681-684.

5. Sodroski, J. G. (1999Fell 99, 243-246.

6. Moore, J. P., and Stevenson, M. (20003t. Rev. Mol. Cell
Biol. 1, 40—49.

7. Celada, F., Cambiaggi, C., Maccari, J., Burastero, S., Gregory,
T., Patzer, E., Porter, J., McDanal, C., and Matthews, T. (1990)
J. Exp. Med. 1721143-1150.

8. Gershoni, J. M., Denisova, G., Raviv, D., Smorodinsky, N.
I., and Buyaner, D. (1993fASEB J. 71185-7.

9. Kang, C. Y., Hariharan, K., Nara, P. L., Sodroski, J., and
Moore, J. P. (1994). Virol. 68 5854-5862.

10. Devico, A., Silver, A., Thronton, A. M., Sarngadharan, M.
G., and Pal, R. (1996Yirology 218 258-263.

11. Dimitrov, D. S. (1996Nat. Med. 2 640-641.

12. LaCasse, R. A, Follis, K. E., Trahey, M., Scarborough, J. D.,
Littman, D. R., and Nunberg, J. H. (1998tience 283357~
362.

13. Bolmstedt, A., Sjolander, S., Hansen, J. E., Akerblom, L.,
Hemming, A., Hu, S. L., Morein, B., and Olofsson, S. (1996)
J. Acquired Immune Defic. Syndr. Hum. Retrol. 12, 213—
220.

18

Chow et al.

Reitter, J. N., Means, R. E., and Desrosiers, R. C. (1888)
Med. 4 679-684.

Hoffman, T. L., LaBranche, C. C., Zhang, W., Canziani, G.,
Robinson, J., Chaiken, I., Hoxie, J. A., and Doms, R. W.
(1999)Proc. Natl. Acad. Sci. U.S.A. 96359-6364.

Cao, J., Sullivan, N., Desjardin, E., Parolin, C., Robinson, J.,
Wyatt, R., and Sodroski, J. (1999) Virol. 71, 9808-9812.

Lu, S., Wyatt, R., Richmond, J. F., Mustafa, F., Wang, S.,
Weng, J., Montefiori, D. C., Sodroski, J., and Robinson, H.
L. (1998) AIDS Res. Hum. Retroruses 14 151—-155.
Sanders, R. W., Schiffner, L., Master, A., Kajumo, F., Guo,
Y., Dragic, T., Moore, J. P., and Binley, J. M. (20QD)Virol.

74, 5091-5100.

Binley, J. M., Ditzel, H. J., Barbas, C. F. 3., Sullivan, N.,
Sodroski, J., Parren, P. W., and Burton, D. R. (1988)S
Res. Hum. Retraruses 12 911924,

20. Parren, P. W., Moore, J. P., Burton, D. R., and Sattentau, Q.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

J. (1999)AIDS 13 Suppl AS137-S162.

Moore, J. P., Parren, P. W., and Burton, D. R. (2Q04jjirol.

75, 5721-5729.

Berman, P. W., Nunes, W. M., and Haffar, O. K. (1988)
Virol. 62, 3135-3142.

Earl, P. L., Broder, C. C., Long, D., Lee, S. A., Peterson, J.,
Chakrabarti, S., Doms, R. W., and Moss, B. (1994Yirol.

68, 3015-3026.

Earl, P. L., Doms, R. W., and Moss, B. (19990c. Natl.
Acad. Sci. U.S.A. §648-652.

Richardson, T. M., Jr., Stryjewski, B. L., Broder, C. C., Hoxie,
J. A., Mascola, J. R., Earl, P. L., and Doms, R. W. (1996)
Virol. 70, 753-762.

Earl, P. L., Broder, C. C., Doms, R. W., and Moss, B. (1997)
J. Virol. 71, 2674-2684.

VanCott, T. C., Mascola, J. R., Kaminski, R. W., Kalyanara-
man, V., Hallberg, P. L., Burnett, P. R., Ulrich, J. T,
Rechtman, D. J., and Birx, D. L. (1999) Virol. 71, 4319-
4330.

Binley, J. M., Sanders, R. W., Clas, B., Schuelke, N., Master,
A., Guo, Y., Kajumo, F., Anselma, D. J., Maddon, P. J., Olson,
W. C., and Moore, J. P. (200Q) Virol. 74, 627—643.

Eckert, D. M., and Kim, P. S. (200Broc. Natl. Acad. Sci.
U.S.A. 981118711192.

Louis, J. M., Bewley, C. A., and Clore, G. M. (20QL)Biol.
Chem. 27629485-29489.

Nussbaum, O., Broder, C. C., and Berger, E. A. (199%)rol.

68, 5411-5422.

Broder, C. C., Earl, P. L., Long, D., Abedon, S. T., Moss, B.,
and Doms, R. W. (1994proc. Natl. Acad. Sci. U.S.A. 91
11699-11703.

Dimitrov, D. S., Hillman, K., Manischewitz, J., Blumenthal,
R., and Golding, H. (1992). Virol. 66, 132-138.

Connor, R. I, Chen, B. K., Choe, S., and Landau, N. R. (1995)
Virology 206 935-944.

Collman, R., Balliet, J. W., Gregory, S. A., Friedman, H.,
Kolson, D. L., Nathanson, N., and Srinivasan, A. (1992)
Virol. 66, 7517-7521.

Matthews, T. J., Wild, C., Chen, C. H., Bolognesi, D. P., and
Greenberg, M. L. (1994dmmunol. Re. 140 93—104.
Moulard, M., Phogat, S., Shu, Y., Labrijn, A. F., Xiao, X,
Binley, J. M., Zhang, M.-Y., Sidorov, I. A., Broder, C. C.,
Robinson, J., Parren, P. W. H. |., Burton, D. R., Dimitrov, D.
S. (2002)Proc. Natl. Acad. Sci. U.S.A. 98913-6918.

Binley, J. M., Sanders, R. W., Master, A., Cayanan, C. S.,
Wiley, C. L., Schiffner, L., Travis, B., Kuhmann, S., Burton,
D. R., Hu, S.-L., Olson, W. C., and Moore, J. P. (2002)
Virol. 76, 2606-2616.

BI1025646D



